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A phenomenological model is provided, based on post-processing Direct Numerical
Simulation (DNS) data at Reτ = 1020, which permits the near-wall-turbulence statis-
tics to be predicted from a “universal signal,” free from the effects of large-scale
motions, in combination with information on the large-scale motions in the outer
log-law region. The separation of large-scale and small-scale motions is effected,
unusually, by means of the “Empirical Mode Decomposition” method, without explicit
wavelength cutoffs. The model first yields the universal field by removing, from a full-
volume turbulence field at an arbitrary time level, the effects of large-scale convective
displacements (footprints), the modulation of the small-scale motions, caused by the
large-scale motions, and distortions arising from sweep-induced splatting. In contrast
to other modelling efforts, the present framework extends to all three velocity compo-
nents, as is demonstrated by reference to joint (u − v) and (u − w) probability-density
functions (PDFs). The model is then successfully used to reconstitute the full near-wall
statistics by combining the universal field with the outer large-scale motions at any
time level other than that for which the universal field was determined. C 2016 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4939712]
I. INTRODUCTION
The presence and role of large-scale (LS) “coherent” motions in turbulent boundary layers were
first recognised and investigated in the 1970s and 1980s in experimental studies by Rao et al.,1 Brown
and Thomas2 and Bandyopadhyay and Hussain.3 Since then, the physical mechanisms associated with
the interaction between large-scale outer structures and the inner near-wall layer, in the context of
wall-bounded shear layers, have been the subject of a wide range and a large number of experimental
and computational studies—a recent comprehensive review being provided by Jiménez.4 In one para-
digm, arising primarily from observations of developing boundary layers at low Reynolds numbers,
Kim and Adrian,5 Adrian et al.,6 Adrian,7 and Dennis and Nickels8,9 advocate coherently organized
packets associated with lifting up hairpin vortices as being the origin of the outer structures. A more
widely accepted interpretation leads, however, on the attached-eddy hypothesis of Townsend,10 in
which a hierarchy of ever-increasing vortices are presumed to be attached to the wall, with the large-
scale outer structures being “inactive” (in a dynamic near-wall sense) and sustaining themselves by
shear in the log-law region (e.g., Perry and Chong,11 Perry and Marusic,12 Nickels et al.,13 Hwang
and Cossu,14 Jiménez,4 and Hwang15). This latter paradigm is strongly supported by channel-flow
simulations at moderate-to-high Reynolds numbers, including wall-modelled large-eddy simulation
(LES), or DNS with the wall omitted altogether, in which cases the near-wall structure is not resolved
(e.g., Hwang,15 Chung and McKeon,16 and Mitzuno and Jiménez4).
Whichever of the above two scenarios conforms more closely to physical reality, an over-riding
phenomenological manifestation of the structural properties is that the statistical characteristics of the
small-scale (SS) near-wall structure are materially affected by large-scale outer structures residing in
the log-law region. The nature and intensity of this interaction have been the subject of a substantial
number of experimental studies undertaken since 2007, mainly by Marusic, Smits, and their collab-
orators (e.g., Hutchins and Marusic,17 Mathis et al.,18,19 Marusic et al.,20,21 Hutchins et al.,22 Mathis
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et al.,23 Mathis et al.,24 and Smits et al.25). Notable computations-based studies, which exploit DNS-
and LES-derived data to analyze interactions between outer structures and the statistical properties of
near-wall turbulence, are those of Jiménez,4,26 Chung and McKeon,16 Schlatter and Örlü,27 Bernardini
and Pirrozoli,28 Agostini and Leschziner,29 and Lee and Moser.30
The outer-inner interaction may be described by two principal features: unsteady convective
shifts of the “quasi-frozen” small-scale structure—referred to as “footprinting”—and an unsteady
attenuation/amplification of the intensity of the energy of the small-scale fluctuations—referred to
as “modulation”—with the unsteadiness of both processes having length- and time-scales associated
with the large-scale outer structures. Several studies show that the energy of the outer structures in-
creases progressively with Reynolds number, to the extent of giving rise to a second maximum in the
streamwise turbulence intensity within the log-law region. As a consequence, the effect of the outer
structures on the near-wall characteristics also intensifies with increasing Reynolds number, so that
the usual universality of the near-wall statistics, based on conventional wall-scaling, breaks down.
This interaction is of particular practical interest in the context of developing friction-drag-reduction
techniques for high-speed flows, in which the target of the control is the mechanism responsible for
the sustenance of the streaks and quasi-streamwise vortices in the viscosity-affected sublayer.
One especially pertinent outcome of the studies by Marusic and his collaborators has been the
proposal of an empirical relationship that permits the statistics of the near-wall turbulence to be “pre-
dicted,” at any Reynolds number, from a “universal” small-scale signal, unaffected by large-scale mo-
tions (and thus Reynolds number), coupled with data for the Reynolds-number-dependent large-scale
outer fluctuations in the log-law region. Thus, if the universal signal is denotedu∗, the outer large-scale
motions at location y+o are denoted u
+
o,LS, the empirical relationship for the statistics of the actual
near-wall fluctuations takes the form:
u+(y+) = u∗(y+){1 + β(y+)u+o,LS
 
y+o , θLS
} + α(y+)u+o,LS  y+o , θLS , (1)
in which α and β are empirical functions, derived from experimental data, and θ is an angle that
accounts for the correlation between the large-scale motions at y+o and those at y
+. In the above equa-
tion, the latter term represents the superposition (footprinting) process, while the former represents
the modulating influence of the large-scale motions.
The validity of the model represented by Equation (1) has been the subject of two distinctly
different directions of investigation. In one, Chernyshenko et al.31 have examined the implications
of assuming the small-scale structure to be “quasi-steady,” in the sense that its statistics are held to
be universal functions of y+ if all quantities are scaled by the unsteady footprint-modified friction
velocity. Specifically, they have examined whether the experimental variations of α(y+) and β(y+)
can be reproduced from DNS data, subject to a linearization of the dependence of the velocity and
the streamwise turbulence intensity on the unsteady skin friction.
In a second type of investigation, the present authors (Agostini and Leschziner29) have examined,
also by reference to DNS data, whether Equation (1) can be made to yield a signal u∗ (and, more
generally, a field (u∗, v∗, w∗)) that is indeed universal, i.e., free from the influence of large-scale struc-
tures. The importance of this question lies in the fact that such a signal is a pre-requisite for a credible
model that is able to predict the near-wall state using merely measured properties of the large-scale
structures and the universal signal u∗, v∗, w∗.
The above designation “universal” requires an important qualification in the context of the work
by Agostini and Leschziner,29 as well as the present study. In model (1), u∗ is not merely implied to
be a signal that is decoupled from the outer structures within any one particular flow, but it is held
to be “universal” for any Reynolds number, with the Reynolds-number dependence of the signal u+
effected by the links to the outer structures, via the terms containing α and β. However, at this stage,
the studies by the present authors have been restricted to an examination of “universality” for a single
Reynolds number, based on one set of DNS data for channel flow at Reτ = 1020.
With important background information omitted here, but provided in Agostini and Leschziner,29
Figure 1 conveys a significant limitation of Equation (1). Figure 1(a) shows two sets of joint PDF con-
tours for the small-scale motions at y+ ≈ 13.5 (where the streamwise fluctuations are most intense),
one set of these motions (in red) conditionally sampled within footprints of positive large-scale
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FIG. 1. Joint u− v PDFs of turbulent fluctuations at y+≈ 13.5, conditional on regions of high-speed (red contours) and
low-speed (cyan contours) large-scale footprints; (a) raw data; (b) large-scale motions removed (via α(y+) in Eq. (1)); and
(c) modulation by large-scale motions removed (via β(y+) in Eq. (1)). PDF contours identify 0.1–0.9 of the PDF height at
constant increment 0.1, subject to total PDF volume normalized to 1.
velocity fluctuations, and the other set (in cyan) relating to footprints of negative large-scale fluctua-
tions. Figure 1(b) shows the same PDFs, but with footprinting removed—based on the assumption of
superposition of large-scale and small-scale motions (i.e., the α(y+) term in Equation (1)). Finally,
Figure 1(c) reflects a “best-fit effort” of removing the modulation, evidently present in Figure 1(b), via
an inversion of Equation (1) with the most favourable choice of β(y+). Figure 1 thus demonstrates—as
do other results for joint (u − w) PDFs, given in Agostini and Leschziner29— that Equation (1) does
not yield a universal signal, even for the single Reynolds number being considered.
In Agostini and Leschziner,29 the present authors provide a preliminary version of a phenom-
enological predictive approach that is an alternative to Equation (1), and which yields a distinctly
better overlap between the two sets of contours given in Figure 1. In addition, the model is shown to
also secure a nearly universal behaviour of the (u∗ − w∗) PDFs. In that study, attention focuses on one
plane only—namely, within the buffer layer, y+ ≈ 13.5, in which the turbulence intensity is highest,
and where the near-wall streaks are most pronounced. Here, a substantially augmented version is
introduced, which is applicable to the entire flow.
The major elements of the approach are shown schematically in Figure 2. Subject to the avail-
ability of a full-volume velocity field ui(x, y, z), (i = 1,2,3), at a time level t = tn, and of two-dimen-
sional fields of large-scale fluctuationsui,o,LS(x, z) at the outer location, y = yo, at any time t = t j, ( j ,
n), the main elements of the approach are as follows:
• a universal signal u∗i (x, z, y) is derived from a single whole-volume DNS realisation of the actual
fluctuations field ui(x, y, z) and the large-scale-fluctuations field ui,LS(x, z, y) both at the same
(single) time level, t = tn (see Figure 2(a));
• the actual field ui(x, y, z) at any (or all) other time level(s) t = t j, j = [1, f ], j , n, is predicted
with the above universal field u∗i (x, y, z) and the large-scale-fluctuations field at the outer yo-
location, ui,o,LS(x, z) at t = t j (see Figure 2(b)).
The present paper extends the work of Agostini and Leschziner29 by introducing an improved
model for determining u∗i , relative to that reported earlier, and includes a set of validations (or verifi-
cations) of the model that demonstrate that the process shown schematically in Figure 2(b) leads to
a satisfactory reconstruction (prediction) of the actual near-wall statistics using the unique universal
field, u∗i .
II. THE DNS DATA AND STATISTICAL PROCESSING
Agostini and Leschziner29 provide a detailed account on the DNS data that form the basis of the
present analysis, as well as on the manner in which relevant statistical results have been extracted from
the data. Here, only essential elements are summarised, therefore, and some new processed results
are presented.
The DNS data are for a canonical channel flow at Reτ = 1020, performed over a box of length,
height and depth of 4πh × 2h × 2πh, respectively, corresponding to approximately 12 × 2 × 6 × 103
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FIG. 2. Schematic representation of the two principal elements of the present modelling framework: (a) predicting the
universal field (u∗i) from a full-fluctuations field ui and large-scale-fluctuations field ui,o,LS at all y-values and at a single
arbitrary time level; (b) predicting the actual field at any other time level from the universal field derived in (a) and the outer
large-scale-fluctuations field at y+= yo ≈ 150 (ui,o,LS).
wall units. Excluding the transient ramp-up phase, the data recorded cover a duration t+ = 1000, cor-
responding to 20 boundary-layer turn-over times t⟨U⟩/h, based on the mean velocity and the channel
half-height. The adequacy of the resolution, with a grid of 589 × 106, was investigated in various
ways, including an examination of the resolved dissipation, relative to the imbalance of other terms
in the turbulence-energy budget, an evaluation of the ratio of cell distances to the Kolmogorov length
scale, and comparisons of the turbulence-energy budget with results by Moser et al.32 and Hoyas and
Jiménez.33
The stating point of the analysis is a volume-covering realisation at any one time level. This
provides the foundation for the first important element in the processing methodology—namely, the
separation of the large from the small scales. This is in contrast to previous experimental studies,
giving rise to Equation (1), in which temporal signals at various wall-normal distances along a single
line were recorded and then subjected to Fourier filtering with an appropriately chosen cutoff, judged
to secure a reasonable separation of the two sets of scales.
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As any turbulent flow is characterized by a continuous spectrum of scales, the question of how to
distinguish “large scales” from “small scales” (or, rather, smaller scales) cannot be answered without
some ambiguity. However, observations based on both experiments and simulations bring out the
fact that the outer edge of the log-law region is populated with a distinctive set of “large-scale mo-
tions” having streamwise and spanwise wavelengths, which scale with the boundary-layer thickness,
and which attain a maximum in their intensity at a location y+ ≈ 4√Reτ. Importantly, these motions
are highly correlated in the wall-normal direction, manifesting themselves in the form of distinctive
large-scale skin-friction footprints. Obviously, the separation of the scales depends to some extent
on the nature of the filtering process—in particular, the filter size. However, this sensitivity is not a
major issue if the filter size or cutoff value—whether chosen explicitly or imposed implicitly by the
filtering technique—does not grossly depart from the scales recorded at the above-stated y+ location.
The main difference is in respect of the energy of the scales below and above the filter cutoff.
In the present study, a method called “Huang-Hilbert Empirical Mode Decomposition” (EMD)
has been favoured (not to be confused with the Hilbert transform). In essence, the EMD is an algo-
rithm that produces physically meaningful modal representations of data derived from arbitrary non-
stationary or spatially varying processes, including amplitude- and frequency-modulated 1-d and 2-d
signals. The EMD splits any signal into a set of Intrinsic Mode Functions (IMFs) based purely on
the local characteristic time/space scales of the signal. The method requires no pre-determined func-
tional elements, such as Fourier or wavelet functions. Rather, the IMFs are the EMD-generated basis
functions, which arise purely from the given signal itself. Unlike Fourier methods, the EMD does not
require filters to separate the scales, and thus does not involve filter-induced loss of energy.
In the present work, snapshots of the form shown in Figure 3(a) were decomposed into four
intrinsic modes, the first three representing the small scales and the last the large scales. The velocity
field is thus decomposed as Ui = ui,SS + ui,LS + ⟨Ui⟩x,z, t, where ui,SS are the small-scale-fluctuations
components, ui,LS are the large-scale-fluctuations components and ⟨Ui⟩x,z, t are the space/time-
averaged velocity components.
The application of the EMD to snapshots of the form of Figure 3(a) leads to the representa-
tion shown in Figure 3(c) for the large-scale streamwise-velocity fluctuations, in which the islands
surrounded by the line contours are areas within which the large-scale motions exceed a certain
limit defined later. Typically, the large-scale-velocity fluctuations within these islands are around
FIG. 3. Snapshot of streamwise velocity at y+≈ 13.5: (a) complete signal, (b) small-scale motions, and (c) large-scale
velocity fluctuations: islands with red/blue boundaries identify positive/negative large-scale fluctuations, relative to the mean
flow, within the extreme 10% tails (by area) of the PDF of the large-scale fluctuations.
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FIG. 4. Contours of pre-multiplied energy spectra for streamwise-velocity fluctuations kzΦ+uu: (a) raw field; (b) small-scale
motions and (c) large-scale motions.
15%-20% of the mean value. Large-scale-induced friction-velocity fluctuations are also observed
to be of the order 15%-20%. Analogous large-scale fields may be obtained for the spanwise- and
wall-normal-velocity components and at any y+ level at which the DNS data were recorded.
The scale-separation properties of the EMD are best conveyed by means of pre-multiplied energy
spectra of the streamwise fluctuations. Figure 4 shows y-wise variations of kzΦ+uu, while Figure 5
shows two-dimensional spectra kxkzΦ+uu at y
+ ≈ 13.5, within the buffer layer. Each set contains three
spectra: the first was derived from the raw fields extracted from 60 snapshots covering t+ = 1000, and
the second and third show, respectively, the spectra of the EMD-separated small-scale and large-scale
motions. The spectra kzΦ+uu for the raw field (Figure 4(a)) reveal, as expected, a maximum at λ
+
z ≈ 100
and y+ ≈ 13.5, indicative of the energetic streaks in the buffer layer, and a secondary, weak, maximum
at λ+z ≈ 1000 (corresponding to the half-height h) and y+ ≈ 150, which is roughly in the middle of
the log layer. This latter maximum indicates the presence of energetic outer motions, and its position
agrees well with Marusic et al.’s estimate of 3.9
√
Reτ for the wall-normal distance of the outer energy
maximum. The spectra for the large-scale motions demonstrate, however, that the y-wise variation
of the energy density of the outer structures is quite flat, the region of elevated large-scale energy
penetrating well into the viscous layer.
A limitation that Figure 5(c) brings to light is that large-scale structures whose length exceed
λx = 1.26 × 104—the length of the computational box—are not captured. However, the most ener-
getic structures are seen to have a length scale of around λx = 0.8 × 104, and this is consistent with the
observations of Hoyas and Jiménez34 (see also Jiménez4) that a representative limit of λx is 10h. More-
over, Lozano-Durán and Jiménez35 show, on the basis of tests with different computational boxes, that
the interaction between the large and small scales is correctly represented even if the domain is not
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FIG. 5. Contours of two-dimensional pre-multiplied energy spectra for streamwise-velocity fluctuations kxkzΦ+uu at
y+= 13.5; (a) raw data; (b) small-scale motions, and (c) large-scale motions. The straight lines represent λ+x = λ
+
z .
large enough to capture the entire range of the large structures. In the present case, the correct repre-
sentation of the interaction is undoubtedly aided by the fact that the computational domain resolves,
on average, around 5 spanwise scales of the large-scale motions, as is also conveyed, qualitatively,
by Figure 3(c). That figure also shows that many of the streamwise structures have a length scale of
4000–6000 wall units. Hence, it appears justifiable to assume that the large-scale structures contained
in the computational box constitute a credible basis for quantifying the interactions at issue here.
As regards the weak y-wise variation of the large-scale energy, it is pertinent to refer here to
Marusic et al.’s21 y-wise profiles of the energy of the small-scale and large-scale motions for friction-
Reynolds-number values of 3900, 7300, and 19 000. As the Reynolds number rises, the large-scale
energy is not merely increasing, but is also observe to become increasingly non-uniform, with the
maximum in the middle of the log-law region being increasingly pronounced. At the present rela-
tively low value of the Reynolds number, Agostini and Leschziner29 show that the energy profile
is fairly flat down to about y+ ≈ 8, and this is consistent with Figure 4(c). Importantly, the pres-
ent small-scale energy is shown in Agostini and Leschziner29 to agree well with the “universal,”
Reynolds-number-independent distributions of Marusic et al.21
The spectra kxkzΦ+uu at y
+ = 13.5, given in Figure 5, show the inner streaks to have a streamwise
length scale of λ+x ≈ 1000, while the outer structures have a length scale of λ+x ≈ 8000 and longer.
Although the EMD does not impose a priori frequency cutoffs, the spectra in Figure 5 suggest equiva-
lent implicit filtering at λ+x ≈ 2000 and λ+z ≈ 500, which are slightly lower than those used by Marusic
et al.21
The question of where the boundary is between large- and small scales is one that is a matter
of ongoing debate. The narrower the large-scale spectrum is—i.e., the larger the wavelength filter
is—the lower the large-scale energy is, and the higher the spatial two-point correlation levels of these
large-scale motions tend to be. What may be claimed, on the basis of the spectra in Figures 4 and 5,
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is that the large scales are well defined, well separated from scales deemed to qualify as small, and
conform broadly to accepted cut-off levels.
Qualitative support for the validity of the decomposition is offered in Figure 3, which shows maps
of the EMD decomposed motions, relative to the raw data at y+ ≈ 13.5. The figure illustrates that
the large-scale modes are distinct and well separated from the small-scale motions, an observation
consistent with the spectra. The large-scales map highlights the fact, already observed by reference
to the spectra for the raw data, that the large-scales contours penetrate into the viscosity-affected
sublayer, reflecting the pronounced footprinting of the large-scale structures imposed onto this layer.
Quantitative support for the validity of the decomposition is offered by Agostini and Leschziner29
who report various two-point-correlation maps separately for the large-scale and small-scale motions.
The y-wise coherence of the large-scale motions is demonstrated, here, by the two maps shown in
Figure 6, one spanning the x–y plane and the other the z–y plane. In both maps, the reference location
is at y+ = 150. To avoid misrepresentation, attention is drawn to the fact that the latter map does not
actually pertain to a wall-normal plane, but to the surface that is aligned with the locus of maximum
correlation coefficient in the x–y plane. Hence, y in the z–y map is a curved co-ordinate at an angle
to the wall.
The x–y map in Figure 6 indicates that the locus of maximum correlation coefficient is such that
a lag of ∆x+ ≈ 600 arises within y+ = 150. In fact, the variation ∆x+(y+) may be approximated, at
least down to y+ = 10, by
γ = tan−1

ln(y+) − ln(y+O,LS)
∆x+(y+)
 ≈ 0.23◦. (2)
For the particular location y+ ≈ 13.5,∆x+ ≈ 600, θ(13.5) = θLS in Equation (1) is approximately
12.8◦, a value which agrees well with that given by Marusic et al.21
FIG. 6. Two-point-correlation maps for the large-scale motions relative to location y+= 150; (a) x–y plane (∆x representing
the x-wise two-point separation) and (b) z–y plane (∆z representing the z-wise two-point separation).
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The correlation coefficient at the wall, relative to the location y+ = 150 is seen to be approxi-
mately 0.6; Agostini and Leschziner29 show the equivalent small-scales correlation to be very close to
zero. The value 0.6 could be increased, in principle, by excluding more of the low-wavelength compo-
nents within the large-scales spectrum. This would introduce larger cut-off values than those implied
by the EMD (λ+x ≈ 2000, λ+z ≈ 500). However, it would also mean a reduction in the large-scale en-
ergy and a corresponding increase in the small-scale energy, the latter causing a deterioration in the
universality (i.e., Re-independence) of the small-scale energy profile.
With the small-scale and large-scale fields separated, statistical data pertinent to the interactions
between the large outer and small inner scales, and thus to Equation (1), may now be considered.
To this end, PDFs of small-scale-velocity fluctuations have been assembled, at various y+ planes,
conditional on regions of high-velocity and low-velocity large-scale footprints. To accentuate any
differences between the small-scale fields pertaining to the two large-scale conditions, regions of
positive and negative large-scale fluctuations are defined here as those which fall, respectively, into
the highest and lowest 10% tails of the PDF of the entire large-scale field. This definition leads to
the red and blue islands in the large-scales map in Figure 3(c). The PDFs for the small-scale motions
shown in Figure 1(b) arise from this procedure. The sensitivity to the large-scale-velocity limiter was
examined within the range 5%–50% and found to be minor and of no consequence to the analysis to
follow. This will be demonstrated later by reference to one particular comparison of PDFs for limiter
levels of 5% and 40%.
III. THE UNIVERSAL SIGNAL
The question of what constitutes the universal signal u∗ may here be extended to the field (u∗, v∗,
w∗), due to the availability of volume snapshots of all three velocity-component fields. Thus, in what
follows, joint (u − v) and (u − w) PDFs of the small-scale (SS) motions are considered for different
y+ levels, of the type shown in Figure 1(b). The two PDFs for the small-scale fluctuations pertaining
to high-speed and low-speed large-scale (LS) motions are seen to have close to identical centres of
gravity. This is a consequence of the LS motions being subtracted from the total fluctuations, re-
flecting the validity of the “superposition” concept and the notion that the SS motions are subjected
to convective shifts by the LS footprints. The differences between the two PDFs then reflect, in a
phenomenological sense, the effects of “modulation” and — as will be argued—“splatting” that arise
from sweeping motions towards the wall.
The objective of any process that targets the universal signal is to extract a (u, v,w) field from
the actual SS field, so that the resulting SS PDFs are not sensitive to nature of the LS motions, thus
representative of the universal field. It is important to emphasize that the approach adopted here is
to construct a phenomenological model that represents the effects of processes contributing to the
outer-inner interactions. In contrast, the model does not describe the physical processes themselves.
Thus, the fragments designated “modulation” and “splatting” below should be taken as constructs
that return a desired statistical behaviour, as observed, for example, from the PDFs. The fundamental
physical mechanisms involved do not contribute directly to the description.
As shown in Figure 2, attention focuses on an arbitrarily chosen volume snapshot U(x, y, z). At
any level y , the decomposition into LS and SS motions yields full two-dimensional x − z fields for
the ui,LS and ui,SS fluctuations (i = 1,2,3). The universal signal u∗i , at the relevant time level t, is now
extracted from the following phenomenologically derived formula:
u∗i (x, z) =

Ui(x, z)
uτ
− (ui,LS(x, z) + ⟨Ui⟩)
uτ                                  
superposition

× ⟨U1⟩
u1,LS (x, z) + ⟨U1⟩                                
modulation
×Gi (u1,LS,ui)                  
splatting
, (3)
where ui,LS is the large-scale fluctuation at the y-level at which u∗i is determined; ⟨Ui⟩ is the mean
velocity; and uτ is the wall-averaged friction velocity. The functional multipliers Gi will be defined
below.
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The reason for the designation “superposition” should be transparent: this is simply a term that
imposes a x-wise translational shift toUi in direct proportion to the LS motion. The “modulation” term
introduces an amplification or attenuation in the intensity of the SS fluctuations in proportion to the
ratio of total large-scale motions and the mean velocity. This term, on its own, operates symmetrically,
regardless of whether the LS fluctuation is positive or negative relative to the mean field. However,
as argued by reference to Figure 1(b), the effect of the LS motion on the SS field is far from symmet-
ric: clearly, positive fluctuations, which are associated with sweeping motions in Quadrant 4 of the
joint (u − v) PDFs, cause a disproportionate reduction in small-scale streamwise fluctuations and an
increase in the negative wall-normal fluctuations. This distortion does not occur in Quadrant 2 and is
less pronounced when the LS fluctuations are negative, thus is associated with ejections. The removal
of this asymmetry from the SS motion is crucially important to the derivation of the universal signal
of u∗i , and this is the role of Gi. The association of the asymmetry with sweeps is the reason for the
designation “splatting.” Indeed, it will be shown below that joint (u − w) PDFs display characteristics
that are strongly suggestive of the splatting mechanism.
To remove the asymmetry in the modulation process by way of the coefficientsGi, it is reasonable
to seek a relationship between the coefficients and the skewness of the PDF of the SS fluctuations, as
the skewness appears to be closely associated with splatting. The splatting process substantially alters
the velocity fields. This is the approach that has given rise to the set of functions given in Table I and
Equation (4), the former pertaining to y+ < 50 and the latter to y+ > 50. In Table I, S(φ) is the skew-
ness of φ, namely, S(φ) = ⟨φ
′3⟩
⟨φ′2⟩3/2 , and the subscript nw indicates that the skewness value in question
is that derived very close to the wall—namely, at y+ < 4 (the variation of this value in this layer is
minimal). The phenomenological character of the present framework is here underlined again. Thus,
the manner in which the skewness of u1,SS and u2,SS feeds into Gi is based on the observed response
of a range of alternatives tested, with the best possible representation of the universal field u∗i being
the target.
In the upper part of the flow, beyond y+ ≈ 50, the SS PDFs are observed to display negligible
asymmetry and modulation (the latter being marginally negatively correlated with the LS fluctua-
tions), and the multipliers Gi as given by
G1 = G2 = G3 =

1 +
u1,LS(x, z)
⟨U1⟩

, (4)
simply cancel the “modulation” term in Equation (3). In effect, this is equivalent to assuming that the
universal field may simply be obtained as the SS field itself—i.e., from the raw field from which the
LS motion is removed in accordance with the superposition principle. The validity of this assumption
will be demonstrated by the application of the model to follow.
The effectiveness of Equation (3) is illustrated in Figures 7 and 8. Each contains three sets of joint
(u − v) or (u − w) PDFs at y+ = 3, 13.5, and 50, respectively. The left-hand-side plots relate to the
total fluctuations, conditionally sampled within the areas of extreme 10% high-speed and low-speed
large-scale footprints, while the right-hand-side plots show the PDFs arising from the presumed uni-
versal field given by Equation (3). The middle column relates the SS fields—i.e., the total fluctuations
from which the LS component has been removed by subtraction (corresponding to “superposition”),
leading a virtual collapse of the centres of gravity of the PDFs. The PDFs for the SS fluctuations
at y+ = 50 are identical to those for the respective universal fields, as zero modulation is imposed
TABLE I. Functional coefficients Gi in Equation (3) associated with
“splatting,” for y+ < 50.
u1,SS < 0 u1,SS > 0
G1 1

1+
(
S(u1,SS)nw−S(u1,SS)
) u1,LS(x,z)
⟨U1⟩

G2

1+
(
S(u2,SS)
) u1,LS(x,z)
⟨U1⟩
−1
G3 1

1+
( S(u1,SS)nw−S(u1,SS)
2
)
u1,LS(x,z)
⟨U1⟩

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FIG. 7. Joint (u− v) PDFs of fluctuations conditional on extreme 10% of large-scale-motions at three y-locations; (a), (b),
(c): y+≈ 3; (d), (e), (f): y+≈ 13.5; (g), (h), (i): y+≈ 55; (a), (d), (g): PDFs of the total fluctuations; (b), (e), (h): PDFs of the
small-scale fluctuations corresponding to (a), (d), (g), respectively; (c), (f), (i): PDFs of the universal signal corresponding to
(a), (d), (g), respectively; red contours correspond to areas of highest 10% of positive LS motions; green contours correspond
to areas of 10% highest negative LS motions. Contours levels: see caption of Fig. 1.
beyond the buffer layer. The essential fact to highlight is that the application of the model results in
PDFs that are insensitive to the LS motions: the PDF contours relating to the positive and negative
LS fluctuations are close to being co-incident.
To demonstrate that the effectiveness of the model is not materially sensitive to the limiter
imposed on the magnitude of the LS motions defining the regions over which SS statistics are collected
(10% in Figures 7 and 8), results are presented in Figures 9 and 10 for the limits of 5% and 40%. In
both figures, the upper plots show PDFs for the total fluctuations. For the higher value of the limiter,
the range of LS motions included in the patches in which conditional statistics have been assembled
is obviously larger, so that the two sets of PDFs relating, respectively, to the negative and positive LS
motions are naturally closer to each other than the corresponding sets for the lower limiter. The key
point is, however, that the PDFs for the (supposedly) universal signal effectively coincide regardless
of the value of the limiter.
Figure 11 compares the Reynolds-stress components derived from the universal signal, corre-
sponding to Figures 7(c), 7(f), 7(i), 8(c), 8(f), and 8(i), to the respective stresses that arise from the
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FIG. 8. Joint (u−w) PDFs of fluctuations conditional on extreme 10% of large-scale-motions at three y-locations; (a), (b),
(c): y+≈ 3; (d), (e), (f): y+≈ 13.5; (g), (h), (i): y+≈ 55; (a), (d), (g): PDFs of the total fluctuations; (b), (e), (h): PDFs of the
small-scale fluctuations corresponding to (a), (d), (g), respectively; (c), (f), (i): PDFs of the universal signal corresponding to
(a), (d), (g), respectively; red contours correspond to areas of highest 10% of positive LS motions; green contours correspond
to areas of 10% highest negative LS motions. Contours levels: see caption of Fig. 1.
SS field, both normalized by the mean friction velocity. For each stress component, three profiles
are shown: two pertaining to the extreme lowest and highest 10% of the LS footprints, and the third
simply evaluated from the SS motion in the central 10% segment of the LS PDF. In this central
segment, the expectation is that the signal should only be marginally affected by LS structures. The
black continuous (solid, dashed, and chained) lines give the total levels of the Reynolds stresses. A
point to clarify in relation to Figure 11 is that full sets of DNS data are, unfortunately, only available
across a few planes beyond the viscous sublayer. This is the reason for the gaps in the conditionally
sampled profiles in Figure 11. In contrast, the profiles for the total stresses were extracted during
the simulation, rather than by a posteriori processing. Figure 11 highlights the strong impact of the
LS motion on the energy and shear stress of the SS motion, and thus the substantial correction of
the model has to effect in order to derive the universal signal. The stress profiles for the universal
signal are seen to be virtually unaffected by the LS motions. Moreover, the profiles derived from the
model – two for each stress components – agree closely with the corresponding profiles derived from
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FIG. 9. Joint (u− v) and (u∗− v∗) PDFs at y+≈ 13.5; (a) and (c) conditional on limiter of 5% on extreme positive and
negative large-scale motions and (b) and (d) conditional on limiter of 40%. Contours levels: see caption of Fig. 1.
FIG. 10. Joint (u−w) and (u∗−w∗) PDFs at y+≈ 13.5; (a) and (c) conditional on limiter of 5% on extreme positive and
negative large-scale motions and (b) and (d) conditional on limiter of 40%. Contours levels: see caption of Fig. 1.
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FIG. 11. Conditional Reynolds stresses of the fluctuations derived from: (a) and (b) SS signal and (c) and (d) universal signal,
both scaled with mean wall friction velocity; (a) and (c) normal streamwise stress and (b) and (d) spanwise, wall-normal,
and shear stress; (◦) conditional on extreme 10% PDF tail of positive large-scale motions; (▹) conditional on lowest ±5%
large-scale motions in central PDF band; and () conditional on extreme 10% PDF tail of negative large-scale motions; black
lines: derived from full raw signal.
the SS motions in the central 10% segment of the LS PDF, reinforcing the validity of the present
universal representation.
A somewhat peripheral, yet pertinent, question to address here is whether universality of the
small-scale signal can be established by adopting wall scaling that is based on the large-scale-induced,
temporally varying wall shear stress. This is, essentially, the basis of any quasi-steady universal repre-
sentation of the small-scale statistics. As noted earlier, the footprint-induced friction velocity varies,
typically, by 20% of the mean value in the present flow. Hence, significant differences can be expected
between mean and local scaling. Figure 12 shows the consequence of adopting LS-modified wall
FIG. 12. Conditional Reynolds stresses of the SS fluctuations derived from universal signal, scaled with the LS-modified wall
friction velocity; (a) normal streamwise stress and (b) spanwise, wall-normal and shear stress; (◦) conditional on extreme 10%
PDF tail of positive large-scale motions; (▹) conditional on lowest ±5% large-scale motions in central PDF band; and ()
conditional on extreme 10% PDF tail of negative large-scale motions; Black lines: derived from full raw signal.
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scaling for the Reynolds-stress profiles of SS fluctuations. As shown, the profiles collapse well in
the near-wall layer, but not beyond y+ ≈ 8. Hence, the implication is that a quasi-steady response of
the SS motions to LS fluctuations only applies very close to the wall where the magnitude of the LS
fluctuations is low.
IV. PREDICTION OF NEAR-WALL STATISTICS
As shown in Figure 2(b), the second principal element of the present model is a relationship that
allows the fluctuations field, ui(x, y, z) at any t = t j to be predicted from the universal field u∗i and
the outer large-scale-fluctuations field ui,o,LS, also at t = t j. This may be achieved, in principle, by
inverting Equation (3). However, a restriction that needs to be removed is that Equation (3) requires
knowledge of the LS motion at all y+ values. This may be done by resorting to a relationship derived
by Agostini and Leschziner,29 which relates u1,LS to u1,o,LS, namely,
ui,LS(x, z) = αi × ui,o,LS(x − ∆x, z), (5)
where∆x is the displacement associated to the lag between y+ and y+o ; αi represents the ratio between
the large-scale motions at y+ and y+o , such as αi =
√
ψ × std(u+i,LS)/std(u+i,o,LS), with ψ = y+/13.5
when y+ ≤ 13.5 and ψ = 1 otherwise. In the above, “std” denotes the standard deviation of the LS
motions, the y-wise variation of which is readily derived from PDFs for the LS motions, and which
is reported in Agostini and Leschziner.29 With the above implemented, the inversion of Equation (3)
arises as
Ui(x, z)
uτ
= u∗i (x, z) ×
(
1 +
u1,o,LS(x − ∆x, z)
⟨U1,o⟩
)
× Hi
 
u1,o,u∗i

+
(αi × ui,o,LS(x − ∆x, z) + ⟨Ui⟩)
uτ
, (6)
in which the functional multipliers Hi are associated with Gi is Equation (3) and are given in Table II,
for y+ < 50. Attention is drawn to the fact that the skewness used in the coefficients is that associated
with the universal fluctuations u∗1 and u
∗
2.
Consistent with Equation (4), the functional coefficients Hi for y+ > 50 are given by
H1 = H2 = H3 =

1 +
u1,o,LS(x − ∆x, z)
⟨U1⟩
−1
(7)
and this is simply designed, again, to neutralize the modulation-related fragment in Equation (6).
The effectiveness of the model (6) is illustrated in Figures 13-16. These figures have been ob-
tained by applying the reconstruction to all time levels ti ∈ [t1, tn] and averaging the individual re-
sults. Corresponding plots pertaining to individual (separate) time levels at ti are slightly less well
converged, but show similar levels of agreement. As an example, Figure 15 shows PDFs for the re-
constituted near-wall fluctuations for one particular time level that differs by ∆t+ = 1000 from the
time level at which the universal field u∗i was obtained.
Figure 13 compares three sets of one-dimensional PDFs for the streamwise-velocity-fluctuations
fields, each at three y+ locations. Each set contains the field derived directly from the DNS, in red,
TABLE II. Functional coefficients Hi in Equation (6) associated with
“splatting,” for y+ < 50.
u∗1 < 0 u
∗
1 > 0
H1 1

1+
(
S(u∗1)nw−S(u∗1)
) u1,o,LS(x−∆x,z)
⟨U1⟩
−1
H2

1+
(
S(u∗2)
) u1,o,LS(x−∆x,z)
⟨U1⟩

H3 1

1+
(
S(u∗1)nw−S(u∗1)
2
)
u1,o,LS(x−∆x,z)
⟨U1⟩
−1
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FIG. 13. PDFs of u-velocity fluctuations at y+≈ 3 (a); y+≈ 13.5 (b); and y+≈ 55 (c). The red and blue lines represent
the actual DNS field and the model-predicted field, respectively; the black line relates to the universal field. The PDFs are
normalized such as their integrals are equal to 100.
the field derived from Equation (6), in blue, and the universal field u∗, in black. As seen, the actual
and the predicted distributions are very close.
Next, Figure 14 shows three sets of joint (u − v) and (u − w) PDFs for the total-fluctuations field
at the same y+ locations as those in Figure 13. Each plot contains two sets of PDF contours, one
derived from the DNS and the other from the model. Again, agreement is close in most cases. The
largest differences arise at y+ = 13.5, but the conditions at this location are especially challenging,
as the turbulence intensity, the anisotropy and effects of splatting are exceptionally high.
Finally, Figure 16 compares profiles for the total Reynold-stress components derived from the
DNS with corresponding profiles computed from Equation (6) and those determined from the uni-
versal signal u∗i itself computed from Equation (3). Attention is again drawn to the fact that results for
the latter two quantities can here only be obtained at a few y+ locations for which the DNS database
FIG. 14. Joint (u− v) PDFs (upper plots) and Joint (u−w) PDFs (lower plots) at y+≈ 3 (a) and (d); y+≈ 13.5 (b) and (e);
and y+≈ 55 (c) and (f) for the complete turbulent-fluctuations field. The red contours are obtained from the raw DNS field
and the blue contours from the predicted signal, Equation (6) using u∗ and ui,o,LS. Contours levels: see caption of Fig. 1.
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FIG. 15. Joint (u− v) PDFs (upper plots) and Joint (u−w) PDFs (lower plots) at y+≈ 3 (a) and (d); y+≈ 13.5 (b) and (e);
and y+≈ 55 (c) and (f) for the complete turbulent-fluctuations field. The red contours are obtained from the raw DNS field
and the blue contours from the predicted signal for one snapshot separated of ∆t+≈ 1000 from the field from which the
universal signal u∗(x, y .z) was obtained. Contours levels: see caption of Fig. 1.
includes a full set of two-dimensional fields for all velocity components. Subject to this limitation,
agreement between the DNS data for the Reynolds stresses and those derived from Equation (6) is
gratifyingly close.
It is readily acknowledged that the results presented herein, while encouraging, pertain to a single
Reynolds number, and can, therefore, not be viewed as offering a universal representation across a
wide range of Reynolds numbers. To test universality in this sense, the universal signal derived here
at Reτ = 1020 needs to be used, in conjunction with ui,o,LS and Equation (6) for higher Reynolds
numbers. This is currently being pursued by the authors by reference to DNS databases at higher
Reynolds numbers.
FIG. 16. Wall-normal profiles of the Reynolds-stresses components derived from the DNS data (red dashed line), the
predicted model-predicted field (blue line) and the universal field (black line); (a) streamwise stress and (b) spanwise,
wall-normal and shear stresses.
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V. CONCLUSIONS
Unlike earlier work, the present predictive framework provides a full three-dimensional descrip-
tion of the near-wall turbulence in terms of the universal field and the response of the near-wall condi-
tions to the outer large-scale motions. This extended description, building upon preliminary work by
the present authors restricted to conditions at a single wall-normal plane within the buffer region,
brings to the fore, upon focusing on joint (u − v) and (u − w) PDFs for the small-scale motions that are
conditional on positive and negative large-scale motions, the importance of asymmetric small-scale
modulation and distortions in the small-scale field, the latter associated with sweep-induced splatting.
The model presented herein has been designed to take all these effects into account, without relying
on externally derived empirical constants, and has been shown to be effective—albeit, so far, for the
single Reynolds number examined—both in terms of its ability to yield the universal signal and to
effect the reconstruction of the near-wall turbulence statistics when subjected to outer large-scale
motions different from those used to derive the universal signal.
The present model relies on a credible separation of the large-scale ands small-scale motions.
There are no rigorous criteria for such a separation, but the spectra and two-point statistics pro-
vided herein demonstrate that the Empirical Mode Decomposition yields a separation of large and
small scales, both in the streamwise and spanwise directions, that is compatible with conventional
Fourier-based methods, without relying on explicit cut-off limits.
The claim of universality cannot credibly be made, unless a predictive method, such as the pres-
ent, is demonstrated to apply to a wide range of Reynolds-number values. This is a very challeng-
ing task in the face of the resource and extensive data-handling requirements that come with high-
Reynolds-number DNS. These challenges are being addressed, and the outcome of ongoing efforts
will be reported in papers to follow.
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